Rationale The dynorphin (DYN)/kappa opioid receptor (KOR) system is involved in the dysphoric properties of drugs of abuse. Given that adolescents show reduced sensitivity to aversive effects of many drugs, alterations in the DYN/KOR system may contribute to the prevalence of drug use during adolescence. Objectives The present study was designed to assess dysphoric properties of a selective kappa agonist, U62,066, in adolescent and adult rats using both conditioned taste aversion (CTA) and conditioned place aversion (CPA) paradigms. Methods For CTA, water-restricted rats were administered U62,066 following 30 min access to a saccharin solution, with subsequent saccharin consumption used to index aversion. For CPA, animals were allowed access to both compartments of a two-compartment chamber for a 15-min preand post-conditioning test. For conditioning, subjects were administered U62,066 prior to confinement to one side of the chamber and saline prior to confinement to the other side for a total of four pairings. Results Overall, adolescents displayed reduced sensitivity to the kappa agonist relative to adults. Adults demonstrated taste aversions to the 0.2 and 0.3 mg/kg doses of U62,066, whereas adolescents did not display aversions to any tested doses. Adults demonstrated a place aversion to the 0.1 and 0.2 mg/kg dose of U62,066 when paired with the preferred side of the conditioning chamber. Adolescents did not display aversions to any of the doses tested. Conclusions Reduced sensitivity to DYN/KOR system activation during adolescence may be a contributing factor to the age-typical insensitivity to aversive properties of drugs commonly abused by adolescents.
Individuals make the transition from youth to maturity during adolescence, a developmental period characterized by numerous neurobehavioral changes that are highly conserved across mammalian species (see Spear 2010, for references and review) . In addition to the hormonal and physiological transformations associated with pubertal development, adolescents also exhibit a number of age-typical behavioral characteristics that include elevated levels of social interactions with peers (Hartup and Stevens 1997; Primus and Kellogg 1989; Varlinskaya and Spear 2008) , novelty seeking (Adriani et al. 1998) , risk taking Douglas et al. 2003; Steinberg 2008; Vetter-O'Hagen and Spear 2012) , and impulsivity . These behaviors are commonly observed in both humans and animal models of adolescence. In rats, adolescence is conservatively defined as the age range between postnatal day (P)28 and P42 during which adolescenttypical behavioral alterations are evident in males and females (Spear 2000) .
Adolescence is the period during which substance abuse is commonly initiated: Among high school seniors, over 40 % have smoked cigarettes or marijuana, 25 % have used illicit drugs, and 70 % have consumed ethanol (Johnston et al. 2012) . Elevated drug use during adolescence may, in part, reflect age differences in sensitivity to the rewarding and aversive effects of drugs of abuse. Given the ethical constraints that limit or preclude such research in humans, animal models of adolescence provide a useful way to examine these effects experimentally. Dysphoria and other adverse effects of drugs can be assessed using conditioned aversion procedures. With conditioned taste aversion (CTA), ingestion of a novel flavor (conditioned stimulus, CS) is paired with the effects of a specific drug (unconditioned stimulus, US), whereas with conditioned place aversion (CPA), an environmental context serves as the CS paired with the drug US. Interestingly, evidence suggests that adolescents may be less sensitive than adults to aversive properties of several drugs of abuse. For example, adolescent rats demonstrate attenuated CTAs to ethanol (Anderson et al. 2010; Schramm-Sapyta et al. 2010; Vetter-O'Hagen et al. 2009 ), cocaine (Schramm-Sapyta et al. 2006 , nicotine (Shram et al. 2006; Wilmouth and Spear 2004) , THC (Schramm-Sapyta et al. 2007 ), morphine (Hurwitz et al. 2012) , and amphetamine (Infurna and Spear 1979) . Conversely, adolescents appear more sensitive to the positive rewarding properties of a number of drugs of abuse, including nicotine (Torres et al. 2008; Vastola et al. 2002) , methamphetamine (Zakharova et al. 2009a) , and cocaine (Badanich et al. 2006; Zakharova et al. 2009a, b) .
Although the specific underlying mechanisms contributing to the adolescent-typical insensitivity to aversive properties of drugs are still unknown, evidence supports a role for the dynorphin (DYN)/kappa opioid receptor (KOR) system in negative effects of many drugs of abuse (see Shippenberg et al. 2007; Wee and Koob 2010 , for references and review). Potential age-related alterations in this endogenous opioid system could contribute to the adolescent-typical insensitivity that has been reported to the aversive effects of a number of drugs. If this were the case, similar age differences in sensitivity to aversive effects of KOR activation would be expected. Although there has been little investigation of possible ontogenetic differences in this opioid system between adolescence and adulthood, one recent developmental study reported age differences in KOR function following chronic nicotine exposure (Tejeda et al. 2012) , results that support differential activation of the KOR system across age under some circumstances.
The present study was designed to assess aversions induced by pharmacological activation of kappa opioid receptors in adolescent and adult male rats using both CTA (experiment 1) and CPA (experiment 2) paradigms. Males were selected because previous research focusing on age differences in aversive drug properties has focused almost exclusively on male subjects (though see Vetter-O'Hagen et al. 2009; Zakharova et al. 2009b) . We hypothesized that adolescents would be less sensitive to the dysphoric effects induced by the kappa agonist, U62,066 (Wadenberg 2003) , with higher doses of the drug needed for CTAs and CPAs in adolescents than in adults.
Experiment 1-conditioned taste aversion

Subjects
A total of 60 male Sprague-Dawley rats bred in our animal facility at Binghamton University were used as subjects. Animals were weaned on postnatal day (P)21 and pairhoused with a same-sex littermate. Subjects were maintained in a temperature-and humidity-controlled vivarium on a 12:12 h light/dark cycle (lights on at 0700 hours) and were treated in accordance with guidelines for animal care established by the National Research Council (Committee for the Update of the Guide for the Care and Use of Laboratory Animals, 2011) under protocols approved by the Binghamton University Institutional Animal Care and Use Committee. Food was available in the home cage at all times, with water restricted as described below. All testing occurred during the light cycle between the hours of 0900 and 1200 hours given that the majority of studies assessing aversive effects of kappa agonists using CTA and CPA procedures have tested animals during the light phase of their light/dark cycle (i.e., Bals-Kubik et al. 1993; Logrip et al. 2009; McLaughlin et al. 2006; Nizhnikov et al. 2012; Sante et al. 2000; Tejeda et al. 2012 ).
Procedure
On P30/P72, all animals were 50 % water deprived by providing each pair of subjects with a bottle containing half the amount of water they had ingested during the previous 24 h. On the following day, the first conditioning session, subjects were separated in their home cage by a mesh divider to allow for measurement of individual consumption. Approximately 10 min later, each animal was then given access to a bottle of 0.1 % saccharin for 30 min, immediately followed by an injection of the selective kappa agonist U62,066 (0, 0.1, 0.2, or 0.3 mg/kg, s.c.). Subjects remained separated from each other in the home cage for 2 h post-injection to allow any drug effects to dissipate prior to reuniting animals with their cagemates. Following the conditioning session, animals were given ad libitum access to food and water for the next 24 h, after which they were again water-deprived prior to the next conditioning session. This cycle of 50 % water deprivation and conditioning followed by 24 h of unlimited water access (and no conditioning) was repeated for a total of five conditioning/test sessions (with the final session not followed by an injection).
Experimental design and data analyses
The design of this experiment was a 2 (age)×4 (U62,066 dose) factorial, with seven to eight animals placed into each of the eight experimental conditions. To avoid the possible confounding of litter with drug effects (Holson and Pearce 1992; Zorrilla 1997) , animals were assigned semi-randomly to experimental groups, such that no more than one subject from a given litter was assigned to a particular drug dose. Baseline saccharin intake data (milliliters) were subjected to a one-way analysis of variance (ANOVA). Saccharin intake data (milliliters) across the four test days were analyzed via a 2 (age)×4 (U62,066 dose)×4 (day) repeated-measures ANOVA. Significant effects were further explored using Fisher's least significant difference (LSD) tests.
Results
Analysis of baseline intake data revealed no significant differences between adolescents and adults (see Fig. 1, A) . Analysis of saccharin intake data across the four test days revealed an age × dose interaction [F(3,52)=3.6, p<.02], with adults injected with the 0.2 and 0.3 mg/kg dose of U62,066 drinking less saccharin solution than salineinjected controls. Adolescents did not demonstrate aversions to any doses of U62,066. A day × age interaction also emerged [F(3,156) = 3.0, p < .04); however, no relevant group differences were revealed. Accordingly, data are shown collapsed across test day (see Fig. 1 
, B).
Experiment 2-conditioned place aversion
Subjects
One hundred seventeen male Sprague-Dawley rats bred in our facility were used as subjects. Food and water were available in the home cage at all times. All testing occurred during the light cycle between 0900 and 1200 hours.
Apparatus
Testing occurred in three-compartment chambers that were size-adjusted for animals of each age. Each chamber consisted of two outer compartments (adults, 30.5×25× 32 cm; adolescents, 22.8 × 18.8 × 24 cm) that flanked a smaller central compartment (adults, 11×25×32 cm; adolescents, 8.3×18.8×24 cm). In the adult-sized chambers, one outer compartment had solid black walls (side A) and the other had vertical black and white stripes (side B). In the adolescent-sized chambers, one outer compartment had solid black walls with white polka dots (side A), whereas the other contained vertical black and white stripes (side B). The central compartments were white, and all chambers had metal bar floors. This chamber configuration was based on preliminary work that varied chamber characteristics to produce equivalent baseline side preferences at each age; however, the majority of experimental subjects of both ages demonstrated a preference for side A in the current study. Pre-and post-conditioning sessions were recorded by dome cameras (model CD33W, SuperCircuits, Austin, TX), and time spent in each compartment was scored later by an experienced observer with no knowledge of the experimental condition of any animal.
Procedure
One day prior to the start of conditioning, on P30 (adolescents) or P70 (adults), subjects were allowed to freely explore the entire chamber for a 15-min (pre-conditioning session). On each of the following 4 days, subjects were injected with either vehicle or a dose of U62,066 (0, 0.1, 0.2, or 0.3 mg/kg, s.c.) and restricted to one side of the conditioning chamber, for a total of two pairings of vehicle with one side of the chamber (designated the "paired side") and two pairings of U62,066 with the other side (the "non-paired side"). For approximately half of the subjects, U62,066 was paired with side A; the remaining subjects received the drug paired with side B. Inclusion of saline-injected controls resulted in two groups of rats that received saline paired with both sides of the conditioning apparatus, with these rats matched for "paired side" based on the cohort of rats that were tested on the same day at the same time. Each conditioning session lasted 40 min, with drug order and side of chamber used as the "paired side" counterbalanced across subjects. After each conditioning trial, each pair of animals was returned to their home cage, but they were separated from each other by a wire mesh divider for 80 min to allow drug effects to dissipate prior to being reunited. When combined with the time spent in the chamber, this amount of time (2 h) was equivalent to the amount of time animals were separated after drug administration in experiment 1. Twenty-four hours after the last conditioning session (i.e., on P35/P75), animals were given a 15-min postconditioning test during which they had access to the entire chamber.
Experimental design and data analyses
Pre-conditioning data were inspected to determine initial side preference for each individual subject and whether U62,066 was paired with the initially preferred side or the non-preferred side of the conditioning chamber. Pre-and post-conditioning data were expressed as percent of total time spent on the drug-paired side of the conditioning chamber: [(time on paired side)/(time on paired side+un-paired side)]×100. Prior to analysis, three subjects with post-conditioning test values more than 2 standard deviations away from the group mean were identified as outliers and eliminated (two adult saline, one adolescent 0.3 mg/kg). Data were analyzed via a 2 (age)×4 (dose)×2 (paired side: preferred or non-preferred) × 2 (test: pre-or postconditioning) repeated-measures ANOVA, with six to nine subjects placed in each group. Place aversions were signified by significant decreases in post-conditioning values relative to pre-conditioning values. Time spent (seconds) in the central compartment during the pre-and postconditioning tests was analyzed via 2 × 4 × 2 factorial ANOVAs. All significant effects were further explored with Fisher's LSD tests.
Results
Analysis of the pre-and post-conditioning data revealed significant effects of paired side, test, and multiple interactions that were tempered by a significant four-way interaction of all factors [F(3,98)=3.2, p<.03]. Among animals that received pairings of U62,066 with the initially preferred chamber compartment (56 % of adults and 49 % of adolescents), adults demonstrated aversions to the 0.1 and 0.2 mg/kg doses, whereas adolescents showed no aversions (see Fig. 2 ). Regardless of age, no aversions to any dose were seen among animals for which U62,066 was paired with the initially nonpreferred compartment (data not shown). Analysis of time spent in the center compartment during the pre-conditioning revealed only a main effect of age [F(1,98)=28.3, p<.001], with adolescents spending more time in the center (mean and standard error, 242.2±12.6) than adults (159.4±10.4). Similarly, analysis of the postconditioning data indicated that adolescents again spent more time in the center (282.6±11.4) than adults (228.2± 12.1) [main effect of age: F(1,98)=12.1, p<.001].
Discussion
KOR agonists have been found to consistently induce aversions in adult animals using both place and taste conditioning procedures following either peripheral (Bals-Kubik et al. 1989; Mucha and Herz 1985; Shippenberg and Herz 1986; Iwamoto 1986; Morales et al. 2007; Zhang et al. 2005) or central administration (Sante et al. 2000; Bals-Kubik et al. 1989) . Results from the present studies are among the first to suggest differences in sensitivity to KOR agonists in adolescents relative to adults, with generally similar patterns of reduced sensitivity to KOR activation in adolescents relative to adults emerging with both the CTA and CPA paradigms. Adolescents failed to demonstrate taste or place aversions to any of the U62,066 doses tested, whereas adults consumed less saccharin solution following pairings with the 0.2 and 0.3 mg/kg doses (experiment 1) and spent less time on the drug-paired side following conditioning with the 0.1 and 0.2 mg/kg doses on the initially preferred side (experiment 2).
The attenuated aversion to the KOR agonist seen among adolescents is congruent with numerous reports of reduced sensitivity to aversion induced by drugs of abuse in adolescents relative to adults (e.g., Anderson et al. 2010; Hurwitz et al. 2012; Infurna and Spear 1979; Schramm-Sapyta et al. 2006; 2007; Wilmouth and Spear 2004) . In experiment 1 (CTA), adults consumed less saccharin solution following pairings with the 0.2 and 0.3 mg/kg doses of U62,066, whereas adolescents did not demonstrate an aversion to any of the doses tested. It is important to note that adolescents demonstrate conditioned taste aversion to U62,066 under some conditions. As a follow-up study, our laboratory recently assessed conditioned taste aversions to higher doses of U62,066 (0.3, 0.4, and 0.5 mg/kg) in adolescent and adult rats using a novel CTA procedure designed to eliminate the need for water deprivation (Anderson et al. 2013) . Adolescents in that study demonstrated a conditioned taste aversion to all doses tested, an effect that was blocked by stressor exposure. Thus, the results of experiment 1 likely reflect differential sensitivity to KOR activation across age and not an aversion learning impairment. Interestingly, saline-injected adults consumed more saccharin across test days relative to adolescents although no age differences emerged during the initial baseline intake. Given that baseline saccharin intake was not adjusted for body weight differences, it is surprisingly that adults did not consume more than adolescents. Baseline adult consumption may reflect an enhanced neophobic response relative to adolescents. Indeed, a previous CTA study from our laboratory found this same pattern of higher CS consumption after the initial conditioning day among saline-injected adults (Anderson et al. 2010 ; experiment 2). On the other hand, for adolescents, the novelty of the saccharin solution on the conditioning day may have enhanced the incentive value of the solution, with that value diminishing following repeated exposures and thus potentially explaining the apparent reduction in consumption following pairings with saline injections. Although the potential influence of age differences in saccharin consumption among saline-injected controls should be considered when interpreting our CTA results, it is important to note that similar differences have been reported in other CTA studies comparing adolescents and adults (e.g., Hurwitz et al. 2012; Anderson et al. 2013) . In these studies, relatively low consumption among adolescents did not preclude expression of CTA among adolescents.
Though experiment 2 was intended to examine CPA using an unbiased, counterbalanced procedure (see Cunningham et al. 2003 ), a preference for side A emerged in a large number of adolescent and adult animals, although some animals demonstrated initial preference for side B. Thus, the design of our study afforded an opportunity to assess the aversive effects of U62,066 in both preferred and non-preferred contexts. When the drug was paired with the initially preferred chamber compartment, adults spent less time on the paired side (relative to the pre-conditioning values) following conditioning with the 0.1 and 0.2 mg/kg doses of U62,066-an effect that was not seen among adults when the drug was paired with their initially non-preferred side. Adolescents did not demonstrate place aversion following any of the tested doses. Given that conditioned place preferences are seen more easily (and arguably sometimes spuriously) when a drug is paired with a non-preferred context (e.g., Cunningham et al. 2003; Roma and Riley 2005; Tzschentke 1998; 2007) , it is not surprising that place aversion emerged when the drug was paired with the preferred context. Indeed, previous assessments of place aversion induced by KOR agonists have involved pairings of the drug with the preferred side (McLaughlin et al. 2006; Michaels and Holtzman 2008; Tejeda et al. 2012) .
Although similar results were revealed by the CTA and CPA paradigms, these models differ in several ways that must be considered. The CTA procedure involved water deprivation, a condition that likely resulted in heightened stress among subjects in the CTA study. Similarly, U62,066 was administered a total of four times for the CTA study, whereas the CPA procedure involved only two drug pairings. Given the evidence that administration of a kappa agonist mimics stressor exposure, the subjects in the CTA study were likely more stressed and may have experienced more salient dysphoria. Additionally, a feature of the place conditioning apparatus, the neutral center compartment, may have influenced the sensitivity of our CPA procedure. A previous study comparing CPP and CPA using both a two-and three-compartment conditioning chamber found that morphine produced similar conditioned place preference in both types of apparatus (an effect also described by Bardo et al. 1995) , whereas the CPA induced by the kappa agonist, U50,488, was more pronounced when assessed in a two-compartment apparatus (Morales et al. 2007 ). Furthermore, counterbalanced designs typically assess time spent on one of two chamber sides (e.g., Cunningham et al. 2003) . Inclusion of the central compartment may complicate interpretation of our CPA data, especially given that adolescents spent more time in the center than adults. This finding may reflect a preference for the relative novelty of this neutral area, in line with enhanced novelty preference/seeking behavior commonly reported during adolescence (Douglas et al. 2003; Kelley et al. 2004) .
Overall, the results of this study provide evidence that adolescents are less sensitive to KOR agonist-induced aversion than adults. These findings extend prior ontogenetic studies of KOR agonists conducted in younger animals. A number of these studies reported reduced sensitivity to KOR agonists among preweanling animals relative to adults. For example, administration of various KOR agonists attenuated psychostimulant-induced locomotor activity in adults but not preweanling rats (McDougall et al. 1997; Collins et al. 2000) . Likewise, U50,488 attenuated cocaine-induced dopamine release in adults but not preweanling rats (Cortez et al. 2010) . Although at least one study has shown that KOR agonists can also produce conditioned odor aversions in infant rat pups (Barr et al. 1994) , in other work, an ontogenetic switch has been reported in the effects of KOR agonists, with DYN shown to be a powerful appetitive reinforcer in neonatal rats (Petrov et al. 2006) , in contrast to the aversive properties of KOR agonists consistently demonstrated in adult rats. Likewise, U62,066 was found to elicit conditioned taste preferences in P4 infant rats, an effect that dissipated by P12 (Nizhnikov et al. 2012) . It should also be noted that when assessing CTA induced by higher doses of U62,066 using a different CTA paradigm (Anderson et al. 2013) , we found no age differences between adolescents and adults-results that may suggest age differences in sensitivity to this KOR agonist may be expressed selectively at low doses. Alternatively, differences between the CTA procedures used may have influenced the pattern of sensitivity.
There are two possible explanations for the reduced sensitivity to the KOR agonist seen in adolescent animals. First, the DYN/KOR system in adolescents may not be fully developed and therefore less likely to be activated by kappa agonists. Supporting this possibility, a recent study from our laboratory found that adolescents were insensitive to KOR antagonist-induced alterations in ethanol intake seen in adult subjects (Morales et al. 2007 ). Alternatively, adolescents may exhibit an enhanced kappa tone relative to adults under these test circumstances. In this case, administration of an agonist may not produce a change in adolescents if the kappa system is already activated (by stress, for example), thereby reducing their sensitivity to further kappa stimulation. A recent study in our laboratory, however, found similar effects of prior stress on KOR sensitivity in animals of both ages (Anderson et al. 2013) Although further studies are needed to illuminate the contribution of the DYN/KOR system to adolescenttypical insensitivities to the aversive properties of drugs and other stimuli (e.g., see Doremus-Fitzwater et al. 2010; Spear 2011 , for review), findings of differential sensitivity to KOR activation in adolescents and adults provide evidence supporting a potential role of this system in adolescent drug abuse.
